The present study investigated the effects of expansion time constants on the objective performance of 20 hearing instrument users fitted binaurally with digital in-the-ear products. Objective performance was evaluated in quiet using the Connected Speech Test and in noise using the Hearing in Noise Test. Results indicated that objective performance in quiet and in noise decreased as the expansion time constant increased. Furthermore, expansion time constants affected the objective performance of listeners with varying degrees of hearing loss in a similar manner.
Sumario
El presente estudio investigó los efectos de la expansión de constantes temporales en el desempeño objetivo de 20 usuarios de instrumentos auditivos adaptados binauralmente con productos tipo ITE digitales. El desempeño objetivo fue evaluado en silencio utilizando la Prueba de Lenguaje Conectado y en ruido usando la Prueba de Audición en Ruido. Los resultados indican que el desempeño objetivo en silencio y en ruido disminuyó conforme la constante temporal de expansión se incrementó. Más aún, las constantes temporales de expansión afectaron el desempeño objetivo de sujetos con grados variables de hipoacusia en una forma similar. W ide dynamic range compression (WDRC) hearing instruments provide reduced gain for high-level signals and increased gain for low-level signals (Johnson, 1993; Killion, 1996) . Signal levels at or below the kneepoint of compression receive the maximum amplification allowable by the hearing instrument settings. Providing maximum amplification for low-level signals may improve speech intelligibility by increasing the audibility of speech cues necessary for feature identification; however, providing maximum amplification for low-level signals may also increase the audibility of low-level environmental noises as well as noises generated by the hearing instrument (Ricketts and Henry, 2002) . Villchur (1973) observed that excessive amplification of low-level inputs was an undesirable by-product of compression and suggested that a decrease in amplification for low-level inputs may alleviate this problem in hearing instruments. Technology designed to reduce the amount of amplification of lowlevel inputs is known as expansion ( Figure  1 ). Unlike compression, expansion provides reduced gain for signals below the compression/expansion kneepoint rather than maximum gain (Venema, 2000) ; therefore, the audibility of low-level environmental noises as well as noises generated by the hearing instrument should be reduced when using expansion (Venema, 1998; Ghent et al, 2000; Kuk, 2002) .
Expansion is currently recommended for WDRC hearing instrument users with nearnormal thresholds to alleviate complaints of noise when in low-level environments (Venema, 2000) . However, research regarding the effects of expansion has been limited. Ghent et al (2000) investigated the effectiveness of expansion with digital hearing instruments. Results demonstrated that expansion did reduce the amplification of low-level input signals, thereby potentially reducing audibility of low-level environmental noises as well as noises generated by the hearing instrument. Decreasing the amplification of low-level signals, however, may also reduce the audibility of low-level, high-frequency speech cues necessary for accurate speech recognition. Plyler et al (2005) examined the effects of expansion on the objective and subjective performance of hearing instrument users with varying degrees of hearing loss. Expansion significantly improved subjective performance for all listeners when used in a quiet environment; however, expansion significantly degraded speech recognition in quiet and in noise when input levels were at or below the kneepoint of expansion. Speech recognition deficits were attributed to reduced audibility of speech cues necessary for accurate feature identification during the expansion on condition. Findings further suggested that expansion affected the objective and subjective performance of listeners with varying degrees of hearing loss in a similar manner (Plyler et al, 2005) .
Research has demonstrated that expansion may affect the recognition of lowlevel speech (Plyler et al, 2005) . What remains unclear, however, is if altering the expansion time constant affects the recognition of conversational speech when listening in a quiet or low-level environment. For example, expansion systems with slow time constants may gradually release from expansion when speech is presented in a quiet or low-level environment, thereby reducing audibility of the onset of the speech signal during the expansion release process. Conversely, expansion systems with fast time constants may rapidly release from expansion when speech is presented in a quiet or low-level environment, thereby preserving audibility of the onset of the speech signal during the expansion release process. As a result, the audibility of speech cues necessary for feature identification may be reduced when slowacting expansion is used in a quiet or low-level environment.
The expansion examples described above are illustrated in Figure 2 . Figure 2 shows the time waveform recorded at the output of a Starkey Endeavour hearing instrument with expansion enabled at two different time constants: 128 msec and 4096 msec. The stimulus is the sentence "A boy fell from the window." Importantly, the recording started before the onset of the stimulus to ensure activation of expansion prior to onset of the speech. The waveforms in black and gray show the output of the hearing instrument at the onset of the stimulus with an expansion time constant of 128 msec and 4096 msec respectively. Notice that the hearing instrument output differs significantly at the onset of the stimulus due to the time constants of expansion. Given this, it is possible that slow-acting expansion may degrade speech recognition performance in quiet or in noise.
The purpose of the present study was to determine if the expansion time constant affected the objective performance of hearing instrument users with varying degrees of hearing loss. The following research questions were addressed: (1) Does the expansion time constant affect the recognition of conversational speech in quiet? (2) Does the expansion time constant affect the recognition of conversational speech in noise? (3) Are the effects of varying the expansion time constant related to the degree of hearing loss of the listener?
METHODS

Participants
Twenty adults participated in this experiment (32-85 years of age). An equal number of participants were recruited for two groups based on their hearing thresholds (Group A [52-81 years of age] and Group B [32-85 years of age]). The criteria for inclusion in Group A included: (1) sensorineural hearing impairment with no more than a 15 dB HL difference in pure-tone thresholds at any octave frequency from 250 through 8000 Hz between ears (ANSI S3.6-1996); (2) normal appearance of ear canal and pinna; (3) normal tympanograms bilaterally; (4) no air-bone gaps greater than 10 dB; (5) current binaural hearing instrument user; and (6) two adjacent hearing thresholds better than 40 dB HL from 250 through 1000 Hz. The inclusion criteria for Group B differed from that of Group A in one aspect: (1) two adjacent hearing thresholds were poorer than 40 dB HL from 250 through 1000 Hz ( Figure 3 ). All qualification and experimental testing was conducted in a sound-treated examination room (Industrial Acoustic) with ambient noise levels suitable for testing with ears uncovered (ANSI S3.1-1991).
Stimuli
The Connected Speech Test (CST) (Cox et al, 1987; Cox et al, 1988 ) and the Hearing in Noise Test (HINT) (Nilsson et al, 1994) served as the stimuli. The CST is a sentence recognition test using everyday connected speech. The CST consists of 28 pairs of passages (24 test and 4 practice pairs), and each passage pair contains 50 key words. Each passage pair is equivalent in difficulty for listeners with normal hearing (Cox et al, 1987) and hearing impairment (Cox et al, 1988) when presented in background noise or in quiet (Boike and Souza, 2000) . The recommended key word method of scoring was utilized to determine the percentage of key words correctly identified for each participant.
The HINT consisted of 25 lists of ten English sentences. An adaptive presentation was utilized to determine the sentence reception threshold in terms of signal-tonoise ratio for each participant using sentence blocks. All speech stimuli and background noise were produced by a compact disc player and routed through a two-channel diagnostic audiometer (GSI-61) to a loudspeaker located in the sound-treated examination room. The output levels of the speech stimuli and background noise were calibrated at the vertex of the listener and were checked periodically throughout the experiment.
Hearing Instruments
Each hearing instrument utilized in the present study was a digital in-the-ear device with single-channel WDRC processing and multiple memory capability (Starkey Endeavour). Audiometric data and uncomfortable loudness level data were used to program each hearing instrument using the NAL-NL1 fitting strategy (Byrne et al, 2001) . Four memories of the digital hearing instruments were programmed for each participant. All fitting parameters were identical across the four memories with the exception of the expansion parameters. Expansion was activated in each memory with the same expansion threshold of 50 dB SPL and expansion ratio of 1:2; the expansion time constants, however, varied for each memory (128 msec, 512 msec, 2094 msec, 4096 msec) in a random order across subjects. In other words, each hearing instrument had four memories in which expansion was activated but each memory utilized a different expansion time constant. The noise suppression feature and the volume control were deactivated for the entire experiment.
Hearing Instrument Fitting
Binaural probe microphone measures were conducted on each subject to verify match (±6 dB from 500-4000 Hz) to NAL-R (National Acoustic Laboratories Revised) target (Byrne and Dillon, 1986 ) using a swept pure tone at 65 dB SPL (note: NAL-NL1 was used to derive and set the fitting parameters; however, NAL-R was used to verify the target match for a midlevel input due to equipment limitations. NAL-NL1 and NAL-R should be comparable for a midlevel input). Following the fitting, each participant was given a schedule detailing his or her use pattern for each memory to ensure each expansion condition was utilized equally during the trial period. Each participant then utilized the hearing instruments for a two-week period before returning to the laboratory for the objective evaluation.
Objective Evaluation
Performance in quiet was evaluated using the CST, and performance in noise was evaluated using the HINT. Although the CST is typically conducted using a fixed signal-tonoise ratio, no background noise was utilized in the present study in order to evaluate the effects of the expansion time constant in a quiet setting. Participants were seated one meter from a loudspeaker located at 0°a zimuth in the sound-treated room. The CST and the HINT were administered at 65 dB SPL (peak) for the four expansion conditions. For all testing, a six second pause followed each participant's response to ensure activation of expansion prior to each stimulus presentation. Two CST passage pairs (100 key words) and two HINT trials were conducted for each expansion time constant. An average of the two trials served as the mean CST or mean HINT score for that participant in the given condition. Prior to data collection, an experimental schedule was generated for each participant listing a completely randomized assignment for expansion time constant, CST passage pair, and HINT sentence list.
RESULTS
Objective Evaluation
Performance in Quiet
One purpose of the present study was to determine if the expansion time constant affected the recognition of conversational speech in quiet. The CST was conducted at 65 dB SPL for the four expansion conditions (128 msec, 512 msec, 2094 msec, 4096 msec) to assess listener performance in quiet. CST scores were then averaged within both groups for each expansion condition (Figure 4) .
Prior to statistical analysis, individual percent correct scores were converted to rationalized arcsine transform units (rau's) to stabilize error variance (Studebaker, 1985) .
A two-way analysis of variance was performed to evaluate the effects of expansion time constant and hearing sensitivity on performance in quiet. The dependent variable was CST score. The within-subject factor was expansion time constant with four levels (128 msec, 512 msec, 2094 msec, 4096 msec). The between-subject factor was group with two levels (Group A and Group B). The analysis revealed significant main effects for expansion (F[3,54] = 17.829, p < 0.01) and for group (F[1,18] = 7.91, p < 0.05). The expansion time constant by group interaction was not significant (F[3,54] = 2.022, p > 0.05). Paired samples t-tests were conducted to further investigate the expansion time constant main effect. All six comparisons were significant controlling for familywise error rate across the six tests at the 0.05 level, using the Holm's sequential Bonferroni procedure (Table 1) .
In summary, results of testing in quiet indicated that listeners with less hearing impairment performed significantly better than listeners with more severe hearing impairment. Results further suggested that performance in quiet decreased as the expansion time constant increased for both groups; however, the speech recognition deficits produced were comparable for all listeners.
Performance in Noise
A second purpose of the present study was to determine if expansion time constants affected the recognition of conversational speech in noise. The HINT was conducted at 65 dB SPL for the four expansion conditions (128 msec, 512 msec, 2094 msec, 4096 msec) to assess listener performance in noise. HINT scores were then averaged within both groups for each expansion condition ( Figure 5) .
A two-way analysis of variance was performed to evaluate the effects of expansion time constant and hearing sensitivity on performance in noise. The dependent variable was HINT score. The within-subject factor was expansion time constant with four levels (128 msec, 512 msec, 2094 msec, 4096 msec). The between-subject factor was group with two levels (Group A and Group B). The analysis revealed significant main effects for expansion (F[3,54] = 29.971, p < 0.01) and for group (F[1,18] = 11.458, p < 0.01). The expansion time constant by group interaction was not significant (F[3,54] = 3.396, p > 0.05). Paired samples t-tests were conducted to further investigate the expansion time constant main effect. All six comparisons were significant controlling for familywise error rate across the six tests at the 0.05 level, using the Holm's sequential Bonferroni procedure (Table 2) .
In summary, results of testing in noise indicated that listeners with less hearing impairment performed significantly better than listeners with more severe hearing impairment. Results further suggested that performance in noise decreased as the expansion time constant increased for both groups; however, the speech recognition deficits produced were comparable for all listeners.
Degree of Hearing Loss
The third purpose of the present study was to determine if the effects of the expansion time constant were related to the degree of hearing loss of the listener. Results suggested that the effects of the expansion time constant were not related to the degree of hearing loss of the listener. Objective testing demonstrated that increasing the expansion time constant degraded speech recognition ability in quiet and in noise for listeners in both groups; however, the speech recognition deficits produced were comparable for all listeners. These findings suggest that expansion time constants affect the objective performance of listeners with varying degrees of hearing loss in a similar manner.
DISCUSSION
T he purpose of the present study was to determine if the expansion time constant affected the objective performance of hearing instrument users with varying degrees of hearing loss. Listeners in both groups performed significantly poorer in quiet and in noise when the expansion time constants were increased. These results suggest the expansion time constant may affect the recognition of conversational speech in quiet and in noise for listeners with varying degrees of hearing loss.
Speech recognition deficits observed are attributed to reduced audibility of the onset of the speech signal during the release of the expansion system. In the present study, a six-second pause followed each participant's response to ensure activation of expansion prior to each stimulus presentation. As a result, the amount of amplification provided by the hearing instrument was reduced at the onset of each stimulus presentation ( Figure  2 ). Although speech levels used in the present study were sufficient to deactivate expansion, the expansion release time determined how quickly amplification was restored. Consequently, audibility increased quickly when a short release time was utilized; however, audibility increased more slowly as the release time was increased. As a result, the audibility of speech cues necessary for accurate feature identification was reduced for longer durations as the expansion time constant increased, thereby resulting in poorer speech recognition in quiet and in noise for listeners in each group.
Results of the present study suggest that objective performance in quiet and in noise decreased as the expansion time constant increased; however, the degree to which these findings generalize to everyday life may depend on the lifestyle of the user. For example, some end users may rarely encounter everyday environments where expansion is activated prior to listening; therefore, speech recognition deficits associated with slow-acting expansion may go unnoticed and may not impact objective performance. Conversely, some end users may frequently encounter environments where expansion is activated prior to listening; therefore, speech recognition deficits associated with slow-acting expansion may be problematic and may significantly affect objective performance. Given this, dispensers should be aware that the degree to which slow-acting expansion negatively impacts the effectiveness of expansion may depend on the typical listening environment of the end user.
The experimental design utilized in the current investigation ensured activation of expansion prior to presentation of any stimuli. Results may have differed, however, had the speech stimuli consisted of longer running samples without set time delays imposed between sentences. During running speech samples, amplitude variations in the speech waveform may result in speech levels that fall below the expansion kneepoint and activate the expansion system. Expansion systems with fast time constants may decrease hearing instrument gain during short-term amplitude fluctuations of speech, thereby reducing the audibility of speech cues necessary for feature identification. However, short-term amplitude fluctuations may not affect hearing instrument gain in expansion systems with slow time constants. As a result, the audibility of speech cues necessary for feature identification may be maintained when slow-acting expansion is used. Stated differently, gain may be more likely to fluctuate in expansion systems with relatively fast time constants than in expansion systems with relatively slow time constants when running speech is the stimuli. Furthermore, the effects of the expansion time constant may be inconsequential if ambient noise levels exceed the expansion kneepoint. Therefore, future research should determine if the expansion time constant affects the objective and/or subjective performance of hearing instrument users when listening to running speech in real world environments.
Lastly, dispensers should also be aware that adjustment of the expansion parameters may affect performance with the feature.
Systems with high expansion kneepoints and ratios may be engaged more often and may produce greater audibility reductions than systems with low expansion kneepoints and ratios. Therefore, speech recognition deficits associated with slow-acting expansion may be more pronounced when the expansion kneepoints and ratios are increased than when expansion kneepoints and ratios are reduced. Future research should investigate the effects of frequency-dependent expansion parameters, such as those used in multichannel expansion systems, on objective and subjective performance with expansion.
CONCLUSIONS
T he present study investigated the effects of the expansion time constant on the objective performance of 20 hearing instrument users fitted binaurally with digital in-the-ear products. Results suggested that objective performance in quiet and in noise decreased as the expansion time constant increased. Furthermore, expansion time constants affected the objective performance of listeners with varying degrees of hearing loss in a similar manner. Dispensers should be aware that selection of dynamic and static expansion parameters may play an important role in determining the effectiveness of the feature for a given listener.
